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ABSTRACT:  Results  of  a  dllatometrle  study  of  TNT  have 
shown  that  considerable  amo:unts  of  liquid  TNT  can  exist  at 
temperatures  below  the  melting  point. ,  At  75®C,  two  samples 
of  Grade  I  TNT  showed  S.Sjfe  and  7.4^  liquid  TNT.  A  purified 
sample  of  TNT  showed  no  liquid  at  the  same  temperatxire. 

Over  the  range  of  5<5*  to  64*c  the  linear  arjd  cubical 
expansion  of  TifT  wAs  found  to  be  1.01  x  10"4/“C  and 
3.05  X  10“V*C,  respectively. 


A  discontinuity  in  the  data  was  observed  ibetween  64® 
and  65 *c,  which  was  ascribed  to  a  solid-solid  phase 
transition..  '  ;; 

"  I  ■  -  li 

A  theoretical  discussion  la  given  of  the  predicted 
melting  behavior  of  TNT.  .  • 
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of  elevated  temperature  storage  but  considerably  below  the 
recognized  meltli^  poU^tt.  The  Information  shoal, d  be  helpful 
In  establishing  quality  standards  as  well  as  mazlmum  allowable 
storage  tepperatures  for  TNT  loaded  weapohs. 

Ihia  work  was  performed  Under  Taik  No.  >01«664/^3C)06/09« 
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Captain,  USN 
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THE  MELTING  BEHAVIOR  OP  TNT 
INTRODUCTION 

POiT  ovVvSrciX  jT^arS  vhvlrS  ilaS  uocii  CQiiCcx'ii  uvBjr  thu  Tor— 

BWition  of  liquid  TNT  during  long-term  storage  of  TNT  loaded 
weapons.  Following  World  War  I,  liquid  TNT  often  was 
observed  exuding  from  stored  warheads.  Such  liquid  resulted 
from  low  melting  eutectics  of  the  alpha  TNT  with  impurities 
oonslstlng  of  largely  beta  and  gamma  TNT,  as  well  as  2/4- 
dlnltrotoluene.  'Aio  amount  of  liquid  exudate  was  a  function 
of  several  variables  Includlrig  nature  of  the  impurities,  their 
amounts  and  the  storage  conditions. 

Xiupi/CV0£ldiAwS  Xir  ouid  pUX^iriOei^i.On  dvVeXopVIU 

prior  to  World  War  II  have  lea  to  a  military  grade  of  TNT  of 
higher  qijality,  designated /as  Grade  I.  In  spite  of  the 
iaq>roved  quality,  there  have  been  reports  of  TNT  exudation 
from  shells  (1)  and  mines  (2). 

Exudation  may  produce  a  cavity  In  the  loaded  weapon, 
which  Is  perhaps  the  major  objection  to  It.  If  the  cavity  la 
xinder  the  booster,  the  charge  may  fall  to  detonate.  Grain 
growth  and  lack  of  dimensional  stability  are  more  subtle  un¬ 
desirable  changes  resulting  from  liquid  formation  In  TNT 
castings. 

Questions  have  arisen  from  time  to  time  as  to  the  prob¬ 
ability  of  exudate  formation  in  TUT  or  TNT  based  munitions 
under  conditions  of  elevated  tempei^ature  storage.  In  order 
to  better  answer  these  questions,  a  study  has  been  made  of 
the  melting  behavior  of  TNT. 

As  there  Is  a  relatively  large  volume  change  during  the 
80}.ld  to  liquid  transition,  a  dllatometrlc  method  was  usSd 
to  study  progressive  volunf  :  changes  occurrlilig  In  the  sample 
as  a  function  of  temperature.  The  dllatometrlc  technique 
was  foimd  to  be  satisfactory,  as  reported  herein. 

RESULTS  AND  DISCUSSION 

Eata  in  the  form  of  curves  are  ^tlven  in  Figures  1,  2, 

3  and  4  in  which  caplllaiv  height  Ini the  dllatooieter  is 
plotted  as  a  function  of  temperature.  Changes  In  the  capil¬ 
lary  height  are  produced  by  the  cumulative  effects  of  water, 
sample  and  glass  expansion.  At  the  lower  end  of  the  curve 
it  Is  assumed  that  no  llqudd  TNT  Is  present  in  the  dliatometer. 
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Ihe  amount  of  liquid  TNT  calculated  to  be  preaent  In 
each  of  the  four  samples  In  the  dllatometors  as  a  function 
of  temperature  Is  given  in  Table  I  below.  In  order  to 
calculate  the  values  In  this  table  It  is  necessarjr  to  eati- 
mate  the  position  on  the  curve  where  the  slope  Is  beginning 
to  increase.  Liquid  In  the  Composition  B  sample  hiid  to  be 
determined  graphically  owing  to  absence  of  data  on  the  thermal 
expansion  of  solid  rek. 

TABLE  I 

PERCENT  LIQUID  IN  TNT 


Sample 


Temperatvu:*e, 

-C  - 

Granular 

Production 

Plaice 

Production 

Gran\uar 

Purified 

Coup.  B  _ 
Pro<iuctibn 

70.0  , 

0.35 

0.46 

nil 

10.2 

1: 

73.9. (165*P) 

2.9 

4.2 

nil 

;2.7 

75.0 

5.2 

7.4 

nil 

16.8 

The  peroeutages  of  liquid  Shown  In  Table  I  do  not 
include  some  additional  llqxild  known  to  exist  in  production 
grade  THT  at  temperatui'es  far  below  those  shown.  Exudation 
has  been  observed  In  TNT  and  Composition  B  loaded  shells 
stored  at  65 *C  for  five  months  (jj).  Certainly  a  amall  amount 
ol  liquid  exists  In  a  TNT  castlik  above  44. 4*C,  the  ternary 
By  TNT  eutectic  melting  point  (4).  Infrared  spectrophoto- 
metric  analyses  of  TNT  exudate  (1),  collected  from  several 
90  mm  shells  loaded  with  Grade  I  TNT  stoz^ed  only  four  days 
at  Tl’C,  showed  that  the  exudate  consisted  chiefly  of<a.TNT 
with  the  following  average  percentages  of  impurities; 

B  TNT,  3.15^;  Y  TNT,  6,.1S^  and  2,4-dinltrot9auene,  The 

ratio  of  the  y  ^4e  B  isomer  is  close  to  that  found  In  the 
cJ.By  TNT  ternary  eutectic  composition. 

Table  II  below  shows  the  amozint  of  liquid  TNT  calculated 
to  be  present  In  a  cast  charge  at  several  temperatxires  at  two 
levels  of  Impurity,  0.55^  and  I.O56.  It  le  assumed  that  the 
Impxu^lty  consists  of  B  &nd  y  TNT  In  the  same  ratio  as  present 
In  the  terxwry  eutectic  conpooitlon  j .  name  and  nowson 
(3)  have  determined  the  purity  of  one  sample  of  service  grade 
TNT  of  U.  S.  origin  and  found  it  to  b®  99. 4$^  pvu?e.  Thus, 
the  values  shown  In  Tbble  II  are  believed  to  be  a  realistic 
leviei  of  liquid  possible  In  a  cast  charge. 
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TABLE  II 


PERCENT  LIQUID  TNT  IN  A  CAST 
CHARGE  CONTAINING  BETA  AND  GAHHA  TNT 


TeMperatxxre,  *C 

44.4 

60.0 

65»0 

70.0 


Total  S  and  y  TNT 

jsislizzfesr 

0.88  1.77 

1.4?  2.86 

1.82  ?.64 

2.72  5.44 


Ihe  granvilar  purified  TNT,  Table  l,  showed  no  liquid 
foraatlon  at  73 *C  based  on  the  dllatoaetrlc  ■easureaenta. 
Although  the  «aaple  Kuat  contain  sose  small  amount  of  Impurity, 
It  could  not  be  detected  by  the  method  used.  The  difference 
between  the  purified  sample  and  the  two  production  samples, 
Ihble  I,  shows  clearly  the  effect  of  purity  on  llquj|,d  for¬ 
mation  in  the  mnge  of  70*  to  75*C, 

No  pireclse  maximum  allowable  temperature  can  be  given 
for  the  storage  of  TNT  loaded  weapons,  because  the  amount  of 
liquid  that  will  form  in  a  east  charge,  is  also  a  function  of 
other  varliables  such  as  the  type  and  quantity  of  impurities 
present.  However,  the  restilts  repor1:ed  herein,  as  well  as 
the  work  of  other  Investigators  suggest  that  65*C  Is  close  to 
the  maximum  storage  temperatux^  for  production  quality  TNT  if 
significant  quantities  of  liquid  are  to  be  avoided. 

Over  the  range  of  temperatxires  where  no  melting  was 
detected,  oxu’  measurements  allow  a  calculation  of  the  coeffi¬ 
cient  linear  and  cubical  expansion  of  TNT,  Table  III.  The 
values  for .  the  linear  coefficient  of  expansion  represent  the 
average  expansion  along  ':^le  three  crystallographic  directions. 
Eubank  and  Van  Dolah  (6)  have  measured  the  coefficient  of 
linear  expansion  along  each  of  the  three  crystallographic  axes. 
They  did  not  report  a  value  for  the  cxabieal  expansion  of  TNT, 
but  this  o^.  be  calculated  readily.  The  calculated  vUliie, 

2.73  X  .10“  per  *C,  Is  In  reasonably  good  agreement  with  our 
data.  The  Npval  ordnance  Test  Station  meaeuraments  covered 
a  temperature  range  of  about  25  to  75*. 
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TABLE  III 

COEFFICIENT  OF  THERMAL  EXPANSION  OP  TNT 

NOL  NOTS 

Average  Linear  (50  -  64®  C)  1.00  x  10“!|/®C  * 

1.02  X  10-4 

l 

Cubical  (50  "  64®C)  5c 01  x  10”f/®C  2.78  x  10-4  «« 

5.05  X  10-4 

*  Repojcted  for  the  three  crystallographic  axes 
**  Calculated  value  '1 


Several  literature  ve.luea  of  the  linear  expansion  of 
TNT  are  given  in  a  report  pirepared  by  the  Armflur  Research 
Foundation  (7).  Ihere  is  gross  disagreement  a^aong  the  values. 
The  veiv  high  values  may  result  from  the  solubility  of  air 
in  TNT  (8),  or  inclusions  of  trapped  gas  within. a  large  charge. 

Results  have  been  reported  on  the  density  of  TNT  at 
25 ®C  prepared  from  an  air-free  melt,  anall  air-free  TNT 
castlrigs  at  25®C  have  an  average  density  of  1. 63(^1  (8).  The 
difference  between  1,630  and  the  crystal  density,?  1,654,  repre¬ 
sents,  the  voids  produced  as  a  resvat  of  shrinkage  of  the  solid 
TNT  a4  iv  cools.  It  is  not  possible,  except  under  the  most 
ideal  conditions,  to  obtain  a  TNT  density  at  25 *0  greater 
than  1.637  by  a  casting  technique.  This  calculated  value, 
1.637,  "is  based  on  a  crystal  density  of  1,654,  a  coefficient 
of  cubical  expansion  ,of  3,03  x  10"'4  per  *0  and  the  absence 
of  appreciable  supercooling  during  crystallization,;, 

"  ;  'i  ‘  ■'  ' 

We  Observed  a  discontinuity  in  our  dllatometrlis  measure¬ 
ments  betweeii  64  and  65®C.  It  is  believed  that  the  Observed 
inf^tection  result-  from  a  solid- solid  polymorphic  traniiltlon. 
Similarly,  Eubank  axid  Van  Dolah  (6)  observed  an  inflt^ctilon  in 
thOlr  /sxpanslon  curves  near  64®G  and  ascriVfSd  this  t6  a  poly- 
mo, i*phlc  tranaltion.  They  attempted  to  confirm  this  transition 
by  accurate  calorimetric  measurements  but  were  unsueo^^ssfxil. 

At  least  three  crystalline  modifications  of  TNT  have  been 
reported  (y),  although  the  stability  ranges  and  the  Inter¬ 
relationship  of  the  three  forms  are  not-  iQiiown.  I 
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THEORETICAL  CONSIEERATIONS 

Hie  thermoclyrtaiiilc  prediction  of  the  behavior  of  Grade  I 
TI^T  IB  considerably  simplified  because  the  impurities  present 
are  almost  entirely  the  isomers  2, 5j^-trinitrotoiuenej  beta 
TNT;  2,4,5-trlnltrotoluenej  gamma  TNT;  and  2,4“dlnltrotolU9ne 
(1)«  typically  present  In  about  the  ratio  1:2:2.  Ihese  smb- 
stances  are  ao  similar  to  TNT  that  only  small  error  seems 
possible  In  considering  their  mutual  solutions  with  each 
other  and  with  TNT  to  be  ideal.  For  this  to  be  true  over 
large  concentration  ranges^  ti.e  escaping  tendency  of  a 
molecule  of  alpha  or  ordinary  TNT  must  be  the  same  when  it  is 
Burroundf?d  by  say, beta  TNT, as  when  it  is  surrounded  in  the 
liquid  Its  own  kind  of  molecules.  Hiis  is  a  rigorous 
requirement}  as  it  has  as  a  conseqaenoe  (10)  that  no  volume 
change  [Occurs  on  mixing  the  liquid,  or  fused  components,  that 
they  aijle  miscible  In  all  proportions,  that  there  Is  no  heat 
of  mix,|ng  of  the  liquid  or  fused  components,  and  that  If  one 
or  mor/e  of  the  components  ai*a  solldc,  tha  heat  of  siixlng  to 
form  the  solution  Is  Just  the  absorption  Of  enough  heat  to 
melt  the  spllds.  Thus,  partially  mlBclbie  liquids  or  those 
svolvjing  heat  on  mixing  cannot  possibly  fhrm  Ideal  solutlone/. 

TWo- Giomponent  Ideal  Solutions  f 

'^Considerable  Insight  into  the  phenomena  Involved  In  '  ' 

fuslfir.  phoncmona  can  bo  acquired  through  examination  of  the 
simplest  possible  condensed  phase  solution,  a  two-oomponent 
Ide&l  solution  in  which  the  liquids  are  miscible  but  the 
solids  mutxmilly  Insoluble.  Ihe  relations  are  particularly 
siii^le  when  concentrations  are  expressed  in  mole  fractions, 

Ni  »  nxmber  of  moles  of  A  _______  etc 

number  of  moles  of  A  number  of  moles  of  B  ' 

■i  ■ .  ' 

^  our  case,  %  **  three  component  systems 

+  Ng  +  Nq  ■  1,  etc, 

/ 

In  a  saturated  Ideal  solution  of  solid  A  In  liquid  B, 
the  escaping  tendency  of  A  In  the  liquid  and  the  solid  must 
be  the  same.  This  has  as  a  consequence  (10) 

d1n  :>  A  Hi  rtT  n  ^ 

-'n  , 

RT^ 
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¥  ire  Na,  Is  the  mole  fraction  of  the  solid  A  in  the  Bolvitlon, 
^  Ha  is  the  heat  absorbed  on  melting  one  mole  of  A  at  its 
melting  point  R  Is  the  gas  constant  and  T  is  the  absolute 
temperature.  Since  when  Na  “  1,  the  solution  is  purs  A  and 
and  melts  at  T^j  can  Integrate  equation  (i)  between  the 
limits  Na  ■  1«  T  «  Ta  and  Na  •  T  -  T.  Ihls  results  in 
the  reiaarkable  relation  -In  Na  “  '^A  -  T  ,  or,  inserting 

R  TaT 

the  value  of  R  in  calories  per  degree  and  changing  to  common 
logarithms. 


‘  JOg  Na  -  {flHA/4.3'/5)  (Ta  -  T)/TaT  (2) 

The  remarkable  featur'e  of  equation  (2)  is  that  it  con¬ 
tains  only  the  propartlea  of  A.  Ihe  solubility  of  A  at  a 
given  temperature  depends  only  on  the  heat  of  fusion  of  A  and 
is  the  same  in  all  solvents  so  long  as  the  solution  Is  ideals 
Note  that  the  soluhiilty  is  greater  at  higher  temperatures,  ; 

One  important  application  of  equation  (2)  can  be  made  at 
once.  At  the  melting  point,  the  temperatxu*e  at  which  the 
last  crystal  of  TNT  has  Jus^.  disappeared  in  the  malt,  the 
solution  is  saturated  with  |NT,  as  it  it  in  equilibrium  with 
the  solid.  If  this  melting //point  is  lower  than  that  for  piire 
TNT,  80.90 *C  (5)  or  554, 06^ A,  not  only  la  it  known  that  the 
TNT  is  not  pure,  but  the  mole  fraction  of  the  impurity  has 
been  measured,  and,  with  one  further  fact  discussed  below,  the 
proportion  of  liquid  is  known  at  all  temperatures. 


So  far  the  heat  of  fusion  has  been  supposed  to  be  inde¬ 
pendent  of  the  temperature.  It  can  be  readily  shown  (IQ)  that 
dai^^dT  -  ACp,  where  hCp  is  the  difference  of  the  heat  capacity 
at  constant  pressure  of  the  liquid  and  thersolid.  Since  the 
liquid  melt’  has  a  larger  heat  capacity  than  the  solid,  4Cp  is 
positive,  and  the  heat  of  fusion  decreases  as  the  temperature 
is  lowered,  ihis  correction  is  generally  small,  asACp  is 
uisiually  near  15  calories  per  mole  per  degree,  but  is  rather 
65  calories  per  mole  for  TN^;.  1<<hen  it  must  be  used,  as 
when  the  temperature  is  more  than  a  few  degrees  below  the 
melting  point,  equation  (2)  becomes 


-log  Nft  ■  ^  ^A  ^A  “ 

^  4.575'  Ta 


A  Ct.  Ti  -  t 

-"T— 


/t  0»'  1'"' 


•Ps  \ 

-A. 

TT 
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Eutectics 


Xhe  other  constituent,  or  constituents  In  a  multicoa- 
poiieiit  oolutloil,  hehaves  In  exactljT  the  sasiG  way* 
solution  can  be  regarded  as  a  solution  pf  B  In  A  Just  as 
W011  as  A  In  B.  If  the  heat  of  fusion,  ACp  and  raeltlng 
tl#pisrature  of  B  Is  used  In  equation  (5)*  the  result  Is  the 
solubility  of  B  as  a  function  of  temperj^^ture.  If  a  two- 
component  solution  Is  cooled,  a  temperature  will  be  reached 
at  which  one  constituent,  B  or  A,  will  crystallize  out, 
depending  on  the  proportions  of  A  and  B  In  the  original  mix¬ 
ture.  This  process  cannot  continue  lndefln:i,^.ely,  as  if  B 
crystallizes  out,  on  further  cooling  the  ll:'?;„'d  portion 


uBcumcD  laui'B  suiu  unji.-^  concentrated  In  a. 


MAAWJ.A  AM  a  .kANSWbAjf 


becomes  saturated.  Tie  liquid  thus  Is  saturated  with  both 
components,  and  they  crystallize  out  together.  The  temper- 
dture  and  composition  at  which  this  occurs  Is  the  eutectic 
temi^rature  and  composition.  In  an  ideal  solution,,:  no  liquid 
ptiiase  can  exist  below  the  eutect.ic  temperature.  At  the 
euiectic  temperature  all  of  one  ij>r  the  other  component  melts 
With  enough  of  the  other  to  make  a  liquid  of  the  eutectic 
composition.  Further  rise  In  temperature  causes  solution  of 
the  component  present  in  greater  proportion  than  In  the 
eutectic,  until,  at  some  temperature  below  Its  melting  point. 
It  Is  all  dissolved  in  the  liquid. 


Thus*  in  a  casting  of  impxire  TNT,  no  liquid  forms  until 
the  temperature  Is  attained,  at  which  the  eutectic  formed  by 
the  impurities  with  the  TNT  melts.  Ihls  eutectic  temperature 
Is  the  ope  further  fact  needed  to  define  the  melting  behavior 
completely.  Figure  5  illustrates  this  behavior  for  Impurities 
producing  a  eutectic  melting  at  46* C,  about  that  found  Isi 
Grade  I  TNT.  Figure  5  is  the  Ideal  solubility  of  TNT  as  a 
function  of  temperature,  plotted  froi^  the  data  of  Table  XV, 
calculated  using  5,075  calories  per  mole  for  the  heat  of 
fusion  of  TNT  (5)  andACp  »  8.65  ca!lorles  per  mole  (11). 
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TABLE  IV 

THE  IDEAL  SOLl^BILITY  OF  TNT 


?iole  FractJ.on 

100.00 


80.90 

80.70 
80.30 
80.00 

79.70 

79.50 

79.00 

78.00 

75^00 

7i:.00 

68.00 

64.00 

60.00 

55.00 

50.00 

45.00 

40,00 

55.00 


99.54 

98.65 

97.97 

97.51 
96.42 

95.74 

94.22 

88.34 

82,40 

76.56 

70.03 

64.11 

57.52 

51.11 

45.45 

40.13 

55.67 
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EXPERIMENTAL 

ijilatoaeteirfl 

dilatcstetsrs  were  coiiotr-ucteu  as  ahown  in  Figui^  6 
using  a  Ba{|iple  tube  of  about  ?  cc  capacity.  Capillaries 
were  tested  for  unifcrmlty  of  bore  and  their  volumes  per 
unit  length  were  d^etermlned  by  calibration  with  mercury. 
Reference  marks  were  sandblasted  on  the  1  mm  capillary 
tubing  Ufed  for  the  dilatometers.  After  the  volume  of  the 
dllatometcr  had  been  measured^  .ati  accurately  weighed  sample 
of  about  2.5  g  ok*  explosive  was  added  to  the  sample  tube. 

Ihe  12/18  standird  tapered  Joint  was  sealed  with  a  thin  film 
Of  scotchcast  Resin  No.  2  and  allowed  to  cure  for  at  least 
twenty-four  hovirs.  l^stillsCrWate;p  was  added  to^the^dixato- 
meter  by  means  of  a  three-way  stopcock  after  evacuation  for 
about  an  hour  with  a  Mega vac  pump,  A  Burgess  "vihro-tool" 
proved  helpful  in  loosening  the  seunple  particles  for  easy 
removal  of  trapped  air.  After  adjusting  the  height  of  the 
water,  the  capille  v  was  sealod.  Overall  length  of  the 
dllatometer  was  about  fourteen  Inches, 

Procedure 

The  dilatometers  were  held  rigidly  in  a  metal  rack  and 
completely  immersed  in  a  constant  temperature  bath  held  to 
within  0.02’C,  No  readings  were  talten  at  the  starting 
temperature  (about  50 *0)  until  the  dilatometers  had  been 
immersed  for  48  hours  to  Insure  solubility  equilibrium. 

The  liquid  level  was  measured  with  a  Gaertner  lOO  mm 
micrometer  slide  cathetometer.  Further  readings  were  taken 
at  2  to  5*0  intervals  untlX about  65*C.  Above  65® C  the 
tsmpsratiire  interval  was  reduced  to  about  I’C  or  less. 

Samples 

Purified  TNT.  This  sample  was  obtained  from 
R.  W,  Van  Oolah  of  the  Naval  Ordnance  Test  Station,  China 
Lake,  California.  No  data  was  supplied  with  respect  to  the 
mole  percent  impurity  estimated  in  the  sample, 

Qranular .  TNT,  Grade  I,  maniifacturer  unknown. 

Flake  TNT,  Grade  I,  Keystone  Ordnance  Works. 

Comp  B,  Production  Gra Je,  Holston  Ordnance  Works. 

g 

CONFIDENTIAL 


CONFIDENTIAL 
NAVORD  REPORT  6146 


CO 


(D 

N 


CU 

K 


OO 

(D 


(D 

U> 


O 

w 


CO 

m 


to 


o 


CM 


o 

in 


00 


l7o)30NVHD  3WmOA 


CONriOENTlAL 


FiG.3  VOLUME  CHANGE  OF  GRANULAR  TNT  (PURIFIED  SAMPL£) 


.  TEMPERATUHEl'C! 

FIG.3  VOLUME  CHANGE  OF  GRANULAR  TNT  (PURIFIED  SAMPLE) 
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Figure  6 
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NOTICE;  WHEN  GOVERNMENT  OR  OTHER  DRAWINGS,  SPECIFICATIONS  OR  OTHER  DATA 
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!  USE  OR  SELL  ANY  PATENTED  INVENTION  THAT  MaY  IN  ANY  WAY  BE  RELATED  THERETO. 


* 


